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Abstract To verify the interconnective relationship between biodegradation efficiency and micro-
fibril structure, recalcitrant rice straw (RS) was depolymerized using water soaking-based microbi-
ological biodegradation (WSMB). This eco-friendly biosystem, which does not predominantly
generate inhibitory metabolites, could increase both the hydrolytic accessibility and fermentation
efficiency of RS. In detail, when swollen RS (with Fenton cascades) was simultaneously bio-treated
with Phanerochaete chrysosporium for 12 days, the biodegradability was 65.0 % of the theoretical
maximum at the stationary phase. This value was significantly higher than the 30.3 % measured
from untreated RS. Similarly, the WSMB platform had an effect on the yield enhancement of
ethanol productivity of 32.5%.However, uniform exposure of fibril polymers appeared to have little
impact on bioconversion yields. Additionally, the proteomic pools of the WSMB system were
analyzed to understand either substrate-specific or nonspecific biocascades based on the change in
microcomposite materials. Remarkably, regardless of modified microfibril chains, the significant
pattern of 14 major proteins (|fold| > 2) was reasonably analogous in both systems, especially for
lignocellulolysis-related targets.
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Introduction
The use of carbon-based green biofuels from renewable cellulosic biomass is being encour-
aged as an ideal concept for alternative energy, owing to the exhaustion of conventional fossil-
based fuels in addition to undesired environmental consequences, especially global warming.
First, to widely generalize the conventional ethanol bioprocess, an effective deconstruction
process, based on the enzymatic inaccessibility from noncrystalline structures of cross-linked
plant cell walls, is essential for the metabolic, biocascading conversion of recalcitrant poly-
meric chains into biodegradable fragments [1, 2].
Recent reports of biomass depolymerization have focused on structural modification methodol-
ogies, especially delignification, using large-scale, conventional systems, especially ammonia-
soaking and dilute acid pretreatments, to enhance the industrial hydrolysis yields in a more cost/
time-efficient manner [3, 4]. In reality, the severe dose of the conventional platforms may contribute
to the direct enrichment of the theoretical maximumpotential, as it is over 70%of the bioconversion
efficiency without considering inhibitory byproducts (especially furfurals) [5]. However, based on
the one-sided disruption of primary barriers, particularly recalcitrant lignins, these platforms cannot
be utilized for practical applications such as the effective verification of cellulolytic or
hemicellulolytic enzymatic cascades, to conserve the yield of bioprocesses. In particular, the
structural conversion ratio (i.e., crystallinity index [CrI]) of either amorphous or crystalline poly-
meric structures is critical when determining the binding type and efficiency of either oxidative or
hydrolytic enzymes [6, 7]. Nevertheless, based on the integrated platform of conventional pretreat-
ment processes, proactive modifications, such as exposure, aggregation, and loss of components, of
cellulosic microfibrils to enhance the biomass digestibility have not been sufficient to form a
generally accepted conceptual framework. More importantly, based on current technology, it is
difficult for useful pretreatments to induce or extract the microfibril aggregates without causing
environmental damage, owing to the inevitable necessity for chemical materials.
In this study, to address the indirect interrelationship between open microfibril aggregates and
specific bioprocessing indices, especially enzymatic digestibility, crystallinity, and fermentability, the
water-soaking platform for pretreating lignocellulosic substrates was used as part of an eco-friendly
microbiology-based biodegradation system. In particular, process optimization was used to identify
the important synergistic targets of enzymatic hydrolysis. Furthermore, to systematically understand
the major lignocellulolytic cascades of the water soaking-based microbiological biodegradation
(WSMB) program, the changing pattern of proteomic profiles was evaluated using a mass
spectrometry-based approach at the “omics” level. Its impact was based on the economic feasibility
and cultural stability of the WSMB biosystem upon exposing cellulosic microfibers. Lastly, an
advanced understanding of the substrate-specific mechanism, based on open microfibrils via
structural modification, is provided to manage the biodegradation processes or yields of this fungus
and thus to better identify its substrates.
Materials and Methods
WSMB System
Air-dried lignocellulosic rice straw (RS) was used as a biomass model compound for the WSMB
process. The dried RS was milled using an MF 10 milling machine (IKA, Staufen, Germany). The
milled RS in the size range of 425–710 μm was dried in a vacuum-drying oven at 45 °C, and RS
Appl Biochem Biotechnol (2015) 176:2290–2302 2291
contained more than 97.0 % (w/w) solid content. Prior to the biodegradation, RS was soaked in
mineral water (containing 0.01 g/L FeSO4; [8]) for 2 h at 25 °C to enhance the effect of substrate
depolymerization (especially by the Fenton reaction). The degree of moisture content (based on
solid/liquid ratios; w/v) used was 0 % (0; control) and over 81 % (0.25; colloidal suspension). To
prevent the loss of moisture from pretreated RS, all samples were instantly packed in a polystyrene
bag under vacuum after soaking until WSMB pretreatment.
Next, based on previously confirmed culture conditions [8], after the addition of treated RS
(5.5 g), Phanerochaete chrysosporium ATCC 32629 was cultured in 250 mL of optimized fungal
medium, containing 1 % (w/v) glucose as an additional carbon source, for 12 days at 29 °C and
150 rpm. The spores ofP. chrysosporium from potato dextrose agar after 10 dayswere suspended in
0.85 % (w/v) saline and subsequently counted using a Neubauer chamber. For biodegradation
experiments, 30mLofmediumwas added to 100-mL flasks, whichwas inoculatedwith a sufficient
amount of suspension to obtain an initial concentration of 2.8 × 106 spores/mL. Cultures were
incubated at 29 °C and 150 rpm for 80 h. At the large-scale stage (110 g RS biomass/5 L), the input
concentration (i.e., 2 %) for the initial population of fungal cells used was maximal for the 100 mL
stock solution with 1% (w/v) glucose. No substrate was added to the control sample. In addition, to
control unstable parameters (e.g., protein concentration, growth rate, and pH), statistical down-
stream concepts were followed via the Box-Behnken and Placket-Burman methodologies [8], and
target maximization for the fungal medium via manganese peroxidase (MnP) was carried out in the
closed WSMB process. In particular, the three core components for an optimized platform were
determined as yeast extract, KH2PO4, and CaCl2. Under the identified WSMB conditions, the
extracellular levels of MnP was predicted to be approximately 2780 U/L. Its corresponding activity
from actual experiments was in good agreement with the predicted value.
Biochemical Indices for Downstream Evaluation
In an open stage with a combination of either extracellular or intracellular cascades, the value of
inhibitory compounds, especially acetic acid, hydroxymethylfurfural, and furfural, and the
maximum industrial efficiencies, especially of simultaneous fermentability and biodegradable
digestibility of the WSMB-pretreated RS, were checked following the biomass methods
described by the National Renewable Energy Laboratory (http://www.nrel.gov/biomass/
analytical_procedures.html). Particularly, hydrolytic efficiency (Eq. (1)) was determined by
subjecting samples to 60 filter paper units (FPU) of cellulase (Celluclast 1.5 L, Sigma-Aldrich,
St. Louis, MO, USA) and 30 cellobiase units (CBU) of β-glucosidase (Novozyme 188, Sigma-
Aldrich) per gram of glucan at pH 4.8, 50 °C, and 150 rpm for 120 h. In addition, the
fermentable yield (Eq. (2)), based on simultaneous saccharification and fermentation, was
determined using the RS substrate with 3.1 % (w/v) glucan in 250 mL of medium and
Saccharomyces cerevisiae D5A (ATCC 200062), 30 CBU of β-glucosidase, and 15 FPU of
cellulase per gram of glucan at an initial pH of 5.0. All samples were cultured at 150 rpm and
38 °C for 144 h. Simultaneously, the significant change in major components, especially lignin,
glucan, and xylan, of treated RS were analyzed on a dry weight basis.
Hydrolytic yield %maximumð Þ ¼ g of glucose by HPLC
g of glucan 1:1  100 ð1Þ
Fermentation yield %maximumð Þ ¼ g of ethanol
g of glucan 1:1 0:511  100 ð2Þ
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Based on broadly accepted protocols (Supporting Information), the extracellular activities
of well-known target enzymes such as lignin peroxidase (LiP), MnP, xylanase, β-glucosidase,
and cellulose dehydrogenase (CDH) that are involved in lignocellulose biocascades were
predicted during the WSMB process. All experiments were conducted in triplicate.
After the WSMB program, the microstructural property of the RS substrates was observed
using a Hitachi S-4700 microscope (Tokyo, Japan). Moreover, the functional spectra of
samples were determined with a Bruker D5005 diffractometer (Karlsruhe, Germany) to
understand the crystallinity change of WSMB-pretreated RS. The conserved signals were
checked in triplicate using the previously reported θ–2θ system [9].
Proteomic Pool Analysis for Upstream Evaluation
Under different biodegradation conditions, regardless of whether a water soaking-based
system is used, the complementary relationship between biocascade targets and percent
theoretical yields was predicted by an analysis of proteomic expression. After preprocessing,
i.e., protein isolation (Supporting Information) of P. chrysosporium pellets (after 12 days), the
conserved mapping of the fungal proteome was carried out using a two-dimensional electro-
phoresis (2-DE) system to identify the quantitative patterns of changing targets following
exposure to WSMB-treated RS. Further details regarding the 2-DE procedure are provided in
the Supporting Information. After the electrophoresis, all spots exhibiting altered induction
levels were systematically identified by either peptide mass fingerprinting or tandem mass
spectrometry-based sequencing, based on the upstream information from public databases.
Further details are provided in the Supporting Information. After six biological replicates of the
biodegradation cultures, the statistical significance of all samples was calculated via both SAS
ver. 9.2 (SAS Institute, Cary, NC, USA) and SigmaStat ver. 3.5 program (Systat Software, San
Jose, CA, USA).
Results and Discussion
Bioconversion Yields of the WSMB System
In order to evaluate the relative industrial digestibility of WSMB treatment, the biodegraded
RS was simultaneously hydrolyzed by the addition of both cellulase and β-glucosidase. The
proactive index of the theoretically maximal glucose was 65.0 % (after stationary stage) from
treated RS with biodegradation periods of 12 days (Table 1). Remarkably, the actual hydrolysis
yield of biodegraded RS was a similar 64.9 % (after 120 h; [8]). The yield from the WSMB
program, which is based on released monomeric sugars, was not higher than those of
agricultural biomass deconstructed using physicochemical pretreatment processes (over
70 % based on mass balance) [10]. In particular, the fermentation productivity (approximately
0.52 g/L/h) of chemical-induced approaches, especially the ammonia-based platform [11], is
greater than the productivity suggested by the WSMB (0.25–0.34 g/L/h). On the other hand,
this biosystem is relatively superior to the others, especially the biological (23–45 % based on
long-term cultivation) and alkaline (58–91 %) processes in terms of the economic feasibility
[12–16]. Furthermore, the fermentable level (0.02–0.03 g ethanol/g renewable biomass) in un-
systemized fungal processes was obtained after 120 h of bioconversion [17, 18], which was
not more than the WSMB level (approximately 0.10 g ethanol/g substrate after 96 h).
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Potential Changes in Microfibril Structures by a Closed WSMB System
Without the Supply of External Substrates
When compared to the smooth base of untreated polymeric RS biomass, WSMB-pretreated
surfaces were regularly degraded as a form of unwound fibers (Fig. 1). These data suggest that
the extracellular change in crystalline fibrils can be proactively accelerated by inducible
depolymerization by peroxidative enzymes (Fig. 2 and Tables 2 and 3) at all locations, water
molecules, and reactive oxygen species, owing to soaking-based preprocess. Unlike the well-
known diameter (below 10 nm) [19] of a single fibril, especially from vascular plants, the
multilayered aggregate of biodegradable microfibrils was broadly found as uniform patterns in
the range 2–10 μm (Fig. 1b). Interestingly, when compared to conventional chemical programs
for dissolving the amorphous materials, especially based on dilute acid (approximately 9 μm)
[20], the predominant difference in the morphological change in the twisted structures was hard
to distinguish by WSMB. In particular, the active permeation of water molecules may have
accelerated direct swelling by a simultaneous osmotic system [21] to a secondary or primary
layer composed of biopolymeric modules. If water-soaking pretreatment helps to loosen the
polysaccharide or lignin wall, then the extracellular peroxidative enzymes (Table 3) have more
open space to contribute extensively. This means that the dynamic aggregative patterns of cross-
linked fibrils in the plant cell walls have a fundamental gap in both conservative indices (here
CrI; Table 3) [9] and mechanical properties, e.g., thermal expansion coefficient, Young’s
modulus, and reinforcing efficiency [22–24]. It is highly probable that the putative character-
istics of fibril aggregates can be generated proactively by environmental damages, such as
substrate modification, accelerating biochemical attacks, and oxidative stress.
The significant change in total mass of the internal components in bioprocessed RS after
water-soaking was negligible to within an error range (Table 4). On the other hand, the core
components (i.e., lignin, cellulose, and hemicellulose) of WSMB-based RS caused predomi-
nant reductions in dry mass compared to those of the control.
Proteomic Evaluation of Advanced WSMB Biosystem: Nonspecific Networking
and Signaling Defense
In metabolic bioconversion systems of biomass materials, the homeostatic symphony
of intracellular signaling factors may be a foregone conclusion based on the
Fig. 1 Scanning electron microscopic image of depolymerized microfibrils from RS substrate that was
biopretreated by advanced WSMB program. a Untreated RS. b RS biopretreated by optimal WSMB for 12 days
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environmentally evolutionary process of survival [25, 26], suggesting that, remark-
ably, the effective yields of the bio-pretreatment platform may be involved in the
proactive or interconnective regulation of upstream metabolic triggers, especially
lignocellulolysis-induced signals.
To elucidate the conserved cellular biocascades of optimized WSMB by P.
chrysosporium, the induction pattern of biodegradation-regulated targets was identified
based on the mapping of the proteome profiles (Fig. 2). Interestingly, independent of
either water-soaking preprocess or crystalline modification (e.g., CrI; Table 3), the
general profile of major proteins involved in intracellular signaling and metabolic
maintenance was significantly downregulated (Table 2), similar to that previously
reported in a nonsoaking biosystem [8, 27]. Under harsh conditions with recalcitrant
substrates, extravagant pathways, which involve the activation of lignocellulolytic
targets, are not expected be initiated at the inactive cells, probably due to the
optimized self-complementation mechanism (Tables 2 and 3) to achieve time/energy
Fig. 2 Differential proteomic display of conserved WSMB biocascade. Biodegradable organism (here
P. chrysosporium) was continuously cultured for 12 days on b RS. The a control was grown without any
biomass materials. Major 14 spots based on the two-dimensional gel electrophoresis represent metabolic
signaling proteins with a statistical significance (P < 0.05 and |fold| > 2) compared with the corresponding
targets in control. The expression levels are separately represented by either higher (red) or lower (green). c
Identification of the selected intracellular proteins of P. chrysosporium multiplatform based on the US Depart-
ment’s Joint Genome Institute database. Superscript letter a, sequence coverage (%) in peptide mass
fingerprinting
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saving (Table 1). Therefore, the activation of a flow-dependent balance against
undesirable external damages may not easily maintain more spontaneous biodegrada-
tion but can still be supported in the passive improvement of percent yields, due to
the conditions of minimal growth during the long-term bioplatform and stress toler-
ance (Tables 1 and 2). In particular, the spontaneous limitation of protein kinases,
especially mitogen-activated protein kinase-interacting protein and serine/threonine
protein kinase (Table 2), in closed WSMB after 12 days may interrupt signal trans-
duction for growth and the biodegrading cascade but can be accelerated by both
structural deconstruction and morphological modification of amorphous or crystalline
fibrils [28]. Additionally, the practical feedback for extracellular validation was ob-
tained as significant structural indices of polysaccharide components (Tables 1 and 4).
On the other hand, the overexpressed performance of some kinases, such as tyrosine
protein kinase, is based on the stability of either a de novo managing system [29] or a
cellular damage bioplatform [30] and can maintain metabolic balance over an entire
process of closed WSMB (Table 2). Furthermore, in order to support the cellular
differentiation based on the long-term cultivation bioprocess, the pentose phosphate
pathway, e.g., ribose 5-phosphate isomerase, may be activated rather than
lignocellulolytic cascades in spite of ligninolytic maximization. The low induction of
transcription factors, especially elongation factor 1, was shown to offer a lethargic
defense against programed cell damages during conserved endoplasmic stress [31].
Lastly, the proactive presence of heat shock protein 70 for the protein folding
Table 2 List of predominant proteome correlated with lignocellulolytic regulatory metabolism in open large-
scale WSMB cascade
Target protein IDa Putative biochemical functiona Change in expressionb Fold change value
(P < 0.05)
RS/controlc
189 BTB/POZ domain Upregulation 2.0
3227 Tyrosine protein kinase Upregulation 2.6
4361 Cellulose-binding region Upregulation 2.3
4751 Ribose 5-phosphate isomerase Upregulation 4.7
9585 Intramembrane metalloprotease Upregulation 2.2
36224 Ureidoglycolate hydrolase Upregulation 2.3
132924 Heat shock protein 70 Upregulation 4.4
3618 Mitogen-activated protein
kinase-interacting protein
Downregulation 0.28
4526 Copper amine oxidase Downregulation 0.13
5826 Elongation factor 1 Downregulation 0.19
24810 Serine/threonine protein kinase Downregulation 0.30
128990 Ubiquitin fusion degradation protein 2 Downregulation 0.27
135704 Predicted leucine zipper transcription
factors, dopey family
Downregulation 0.43
139792 20S proteasome Downregulation 0.18
a Based on the US Department’s Joint Genome Institute upstream database
b Expression of RS compared to that of control (no substrate)
c Relative fold change ratio of the targets between RS and control
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mechanism shows that the WSMB bionetwork can universally protect the damaged
cells from stress [32]. It also contributes to the development of stable biodegradation
networks and reduces unneeded infrastructures such as the 20S proteasome and
ubiquitin fusion degradation protein 2.
Multiple Target-Specific Deconstruction of Open Cellulosic Microfibrils
Based onWSMBproteome data (Fig. 2 and Table 2), the connectivemodules of both carbohydrate-
active enzymes (CAZys; especially cellulose-binding region) and the ligninolytic degraders,
ureidoglycolate hydrolase as a glyoxalate generator, as the hydrolysable triggers, were responsible
for the optimized metabolic conversion of pre-processed RS into a fermentable carbon chain and
ethanol. Remarkably, the expression level of CAZys, namely β-glucosidase, CDH, and
hemicellulolytic xylanase, which are target factors for the practical downstream index, and
peroxidative enzymes, including copper amine oxidase, in WSMB had a very low rate (fold <2)
of intracellular activities in the context of cellulolytic mechanism, unlike previously identified
microbial biosystems [26, 33, 34]. This difference is likely due to the platform being optimized for
extracting cellulosic microfibers, which is based on the ligninolytic cascade via target optimization,
especially by MnP. However, the extracellular bioplatform with conserved stability did not yet rule
out the minor triggers, which draw the actual possibility on either process stability or recuperative
strength (Table 3). Interestingly, the inevitable targets in the extracellular platform for maintaining
lignocellulolytic biocascades can be spontaneously and simultaneously activated, regardless of the
uniform exposure of nonamorphous fibers [8, 27]. The driving loss of three key components, as
well as the rising trend of industrial yields, supported the powerful action of practical extracellular
networks (Tables 1 and 4).
Based on the proteomic display, the presence of open twisted cellulosic microfibers (by
direct WSMB) could give a greater depth to the substrate-specific response of the independent
P. chrysosporiummechanism. In other words, a bypass of mainstream or a complementation of
substream in the intracellular WSMB system is based on a matter of homeostatic equilibrium
and signaling stability, rather than kaleidoscopic style of biodegradable substrates such as
polymeric structures and components (Figs. 1 and 2 and Tables 1, 2, and 4).
Conclusions
Based on scale-upmass balance, theWSMB-pretreatedRS showed significant increases in practical
yields compared to the untreated RS after 12 days. Particularly, the systematic understanding of
microfibril aggregates revealed that the physicochemical modifications in lignocellulosic surfaces
are likely a leverage of the WSMB process. It is dominant in enhancing biological platform for
fermentation stability but not in applying the industrial efficiency for downstream bioprocesses.
Although the theoretical maximum of the bioplatform was lower than for biomass processed by
conventional platforms, the metabolic inhibitors were rarely generated. Lastly, the conserved
profiling of cellular proteins involved in lignocellulolytic biocascades during closed WSMB
treatment could help the consolidated verification for interconnected probability and economic
feasibility of either substrate-specific or nonspecific regulatory platforms.
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